Prior to forming and refining synaptic connections, axons of projection neurons navigate long distances to their targets. While much is known about guidance cues for axon navigation through mutant, in which a subset of ipsilateral RGC axons aberrantly crosses the midline but targets the ipsilateral zone in the dorsal lateral geniculate nucleus on the opposite side. Aberrantly crossing axons retain their association with ipsilateral axons in the contralateral tract, indicating that cohortspecific axon affinity is maintained independently of guidance signals present at the midline. Our results provide a comprehensive assessment of RGC axon organization in the retinogeniculate pathway and suggest that axon self-association contributes to pre-target axon organization.
| I N TR ODU C TI ON
A guiding principle in neural development and axon guidance is the relationship between the organization of neuronal cell bodies and their axonal projections in targets. In the visual system, for instance, neighboring retinal ganglion cells (RGCs) in the retina project onto neighboring relay cells in thalamic targets, which in turn project onto similarly positioned target cells in the visual cortex. With this emphasis on source-target correspondence, less attention has been given to the organization of axons within developing tracts, which may be important for establishing appropriate order in connections within targets. Open questions include whether defined order exists among axons prior to target entry, what interactions occur between and within axon cohorts to generate such order, and what bearing pre-target axon organization has on targeting.
Three organizational modes have been identified in axon tracts in several systems and species: topography, typography, and chronotopy (reviewed in Sitko & Mason, 2015) . Topography, based on the spatial arrangement of neurons, is the most commonly identified organizational feature in neural circuits and axon tracts. In the visual system, topographic axon order in the optic nerve and tract reflects the retinotopic position of RGCs, which is then mapped onto the dorsal lateral geniculate (dLGN), their thalamic target (e.g., Chan & Chung, 1999; Plas, Lopez, & Crair, 2005; Torrealba, Guillery, Eysel, Polley, & Mason, studied to date, one or more of these three modes of axon organization have been identified (Sitko & Mason, 2015) .
Target-removal experiments in the olfactory and visual systems of mice and frogs demonstrated that axons develop distinct organization in their tracts independently of target-derived cues (Graziadei, Levine, & Graziadei, 1978; Reh, Pitts, & Constantine-Paton, 1983; St John, Clarris, McKeown, Royal, & Key, 2003) . Furthermore, disturbing pretarget axon organization in the tract can affect targeting. For instance, perturbations in Nrp-1 and Semaphorin expression disrupt pre-target axon sorting in the olfactory nerve (Imai et al., 2009 ) and corpus callosum (Zhou et al., 2013) , which lead to subsequent shifts in axon targeting in the olfactory bulb and contralateral cortex, respectively.
Our understanding of the arrangement of RGC axons in the retinogeniculate pathway remains incomplete, especially with regard to how two modes of pre-target organization, topography and typography, relate to one another. RGC axons project either ipsi or contralaterally at the optic chiasm, and their terminals are organized based on retinotopy and laterality (i.e., eye-specific ipsilateral-and contralateralrecipient zones) in the dLGN. Studies have described varying degrees of topographic order of RGC axons in the rodent optic nerve and tract (Chan & Chung, 1999; Chan & Guillery, 1994; Plas et al., 2005) , but only one study addressed eye-specific organization of ipsilateral and contralateral RGC axons in the optic tract (Godement, Salaun, & Imbert, 1984) .
We therefore aimed to provide a comprehensive assessment of RGC axon order along the pathway to the dLGN and to identify possible mechanisms of axon organization. By examining both topographic and eye-specific RGC axon organization in the mouse retinogeniculate pathway, we provide the first direct comparison, to our knowledge, of two distinct modes of axon organization in a sensory axon tract. Additionally, we provide evidence, both in vitro and in vivo, for differential self-fasciculation and selective axon coherence as mechanisms of tract organization that could contribute to the establishment of accurate neural circuits. Our results are consistent with a model in which maintenance of organizational continuity through the pathways of projection axons is an important feature of developing circuits.
| M A TE RI A L S A ND M E TH ODS

| Animals
Mice were maintained in a timed-pregnancy colony in a barrier facility at Columbia University Medical Center. All procedures were carried out in accordance with Columbia University Institutional Animal Care and Use Committee. Breeding females were checked for vaginal plug at noon each weekday; the day on which a vaginal plug was detected was considered embryonic day (E) 0.5. Embryos were harvested as close to noon on the day of collection as possible. Wild-type animals were C57BL/6J (RRID:IMSR_JAX:000664). ET33 SERT-Cre mice were generated by GENSAT (Gong et al., 2007) ; ET33 SERT-Cre::zsGreen mice were provided as a gift from the T. Maniatis Lab (Columbia University) and maintained on a C57BL/6J background. EphB1 2/2 mice, described previously (Williams et al., 2003) , were maintained on a 129S1/SvImJ background. SERT-Cre::zsGreen mice were crossed with EphB1 2/2 mutants and were bred for three generations before collect- 
| Anterograde axon labeling
Anterograde labeling was performed with DiI (1,1 0 -Dioctadecyl-3,3,3 0 ,3 0 -Tetramethylindocarbocyanine Perchlorate (DiIC18(3))) and its far red shifted analogue, DiD (1,1 0 -Dioctadecyl-3,3,3 0 ,3 0 -Tetra-methylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt) (Molecular Probes, Cat# D282 and D7757, respectively). Embryos were harvested from pregnant dams anesthetized with ketamine/xylazine (100 and 10 mg/ kg, respectively, in 0.9% saline), transcardially perfused with 4% paraformaldehyde (PFA) in 1X phosphate buffered saline (PBS), and postfixed overnight (O/N) at 48C. Postnatal pups were anesthetized with ketamine/xylazine (as for pregnant dams), transcardially perfused with 4% PFA, and post-fixed O/N at 48C. Perfused heads were rinsed twice in 1X PBS before labeling.
For whole eye anterograde labeling, the eyecup was removed and the optic nerve head was gently blotted with a Kimwipe to remove excess moisture. DiI or DiD crystals were placed directly onto the optic nerve head using the fine tip of a pulled glass micropipette, and crushed into the optic nerve head to ensure full labeling of retinal axons. The eyecup was replaced to hold DiI or DiD in place during incubation. For focal anterograde labeling (ventrotemporal or topographic label), the lens was removed, leaving the eyecup intact, and the retina was gently blotted with a Kimwipe to remove excess moisture.
The tip of a pulled glass micropipette was used to place a small amount of DiI or DiD into the designated peripheral retinal quadrant, ensuring penetration of the RGC layer. The lens was gently replaced to keep the DiI or DiD in place during incubation. Embryonic heads were incubated at 378C for 6-12 days; postnatal heads were incubated at 378C for 10-14 days.
After incubation to allow for dye transport, brains were removed and sectioned with a vibratome at 75 lm in either the frontal or horizontal plane, and mounted sequentially in Fluoro-Gel mounting medium (Electron Microscopy Sciences). Retinae with focal labeling were removed after cutting a slit into the ventral retina for orientation, then flat-mounted and coverslipped with Fluor-Gel mounting medium in order to image for assessment of dye placement and extent of labeling. Three explants of the same type (i.e., VT or DT) were plated per dish in SFM 1 0.4% methylcellulose, spaced equally far apart from each other. Explants with neurites that touched in the culture dish were excluded from analysis. For chiasm co-cultures, the chiasm region was dissected from the same embryonic heads that provided retinae, and cells were dissociated as in Kuwajima et al. (2012) . Dissociated chiasm cells were plated at a density of 3.5 3 10 5 cells/ml and allowed to adhere to the laminin-coated dish for at least 1 hr at 378C before plating explants. Plated explants were incubated O/N at 378C and fixed the following day for 15-20 min with warm 4% PFA, then rinsed with 1X PBS and immunostained.
Analysis of neurite bundle widths was performed with Neurolucida software. Explants with marked asymmetry in neurite outgrowth were excluded from analysis, as were those with an explant body radius outside of a 100-200 lm range. For neurite fasciculation analysis, explant body radius was measured and two rings were placed around the neurite halo, positioned at radial distances of 250 lm and 500 lm from the edge of the explant. High magnification (403) tiled images were collected around each ring for analysis. The width of each neurite or neurite bundle intersecting each ring was manually traced in Neurolucida, and data exported into .csv files from Neurolucida Explorer, and then analyzed with python (see Experimental Design and Statistical Analysis for details).
| Immunohistochemistry
SERT-Cre::zsGreen heads were cryosectioned 25 lm thick, collected in sequence in four parallel series. One or two sets of slides were immunostained, for serial sections either 100 lm or 50 lm apart, respectively. Slides were incubated for 45-90 min at room temperature (RT)
with blocking solution composed of 1X PBS 1 0.5% Tween 1 10% normal goat serum (NGS). Primary antibodies (see Table 1 ) against zsGreen and neurofilament (NF) were applied in a 1X PBS 1 0.5% Tween 20 1 10% NGS solution and incubated for 2 nights at 48C. Samples were then rinsed for 15-20 min three times with 1X PBS, and secondary antibodies (goat anti-rabbit Alexa Fluor 488 and goat anti-mouse IgG Alexa Fluor 594, see Table 1 for details) were applied at 1:400 in 1X PBS 1 0.5% Tween 20 1 5% NGS for 3-4 hr at RT. Samples were rinsed once with 1X PBS, incubated with Hoechst (Thermo Fisher Cat# 62249, 1:2000 in 1X PBS) at RT for 10-20 min, rinsed three times with 1X PBS, and coverslipped with Fluoro-Gel mounting medium.
Explant cultures were fixed with warm 4% PFA in 1X PBS for 15-20 min at RT, and rinsed 2-3 times with RT 1X PBS prior to immunostaining. Fixed cultures were incubated for 45-90 min at RT in blocking solution composed of 1X PBS 1 1% Triton X-100 1 10% NGS. Primary antibody against NF (see Table 1 for details) was applied in a 1X
PBS 1 1% Triton X-100 1 5% NGS solution and incubated O/N at 48C.
The following day, samples were rinsed for 15-30 min three times with 1X PBS at RT. Secondary antibody (goat anti-mouse Alexa Fluor 488, see Table 1 for details) was applied at 1:400 in a 1X PBS 1 1% Triton X-100 1 5% NGS solution and incubated at RT for 2-4 hr. For chiasm co-cultures, Hoechst nuclear stain was applied as above. Samples were rinsed three times and coverslips mounted onto slides with Fluoro-Gel mounting medium.
| Imaging
Imaging was performed using a Zeiss AxioImager M2 microscope with RGCs (Colello & Guillery, 1990; Godement, Salaun, & Mason, 1990 ).
This expression pattern is consistent with SERT-Cre expression patterns shown previously (Koch et al., 2011) and SERT mRNA expression shown by Garcia-Frigola and Herrera (2010) , which corresponds in turn to Zic2 mRNA expression (Herrera et al., 2003) . RGCs extend their axons out of the retina in a central to peripheral wave starting around E12-13 and ending by P0 (Drager, 1985) . Thus, the size of the optic tract increases as more axons enter it during late embryogenesis. At E15 and E16, ipsilateral axons from the VT retina have just begun to enter the tract and cluster in the lateral edge of the tract. Other ipsilateral RGC axons are more sparsely positioned in the medial optic tract, but disappear by later embryonic ages. These axons are likely from the earliest-born ipsilateral RGCs in the dorsocentral retina, a transient population (Colello & Guillery, 1990) whose axons have been found in the medial optic tract (Soares & Mason, 2015) . after DiI/DiD labeling, the cortex was removed and brain was cleared using Clear T (Kuwajima et al., 2013) . (e) One optical slice of the proximal OT, and corresponding orthogonal view of z-stack (e'). (f) One optical slice of the distal OT, and corresponding orthogonal view of z-stack (f'). These high-resolution views of the OT show that while some individual ipsilateral and contralateral fibers intermingle, the two populations are grossly segregated. Movie 1 corresponds to (e), Movie 2 corresponds to (f). Scale bars: 100 lm. D 5 dorsal; V 5 ventral; M 5 medial; L 5 lateral; R 5 rostral; C 5 caudal; OT 5 optic tract; OC 5 optic chiasm; SC 5 superior colliculus contralateral axons in the optic tract was simply a reflection of topographic organization. In order to distinguish between topographic and typographic (i.e., ipsilateral and contralateral) organizational modes in the optic tract, we took advantage of the fact that VT retina produces Comparative Neurology mouse (Chan & Chung, 1999; Plas et al., 2005) , with many more favoring the visual systems of the rat, ferret, cat, or amphibians (reviewed in Sitko & Mason, 2015) . Furthermore, none of the studies directly compared topographic and eye-specific order in the nerve and tract. Thus, to directly address the extent to which the topographic and eyespecific maps in the optic tract are in register, we performed a series of DiI/DiD two-color anterograde labeling experiments with different combinations of topographic coordinates in the retina at P0, and assessed axon organization in both horizontal and frontal sections (Figure 4a ).
Hemiretina labeling of opposing topographic poles (dorsal/ventral in Figure 4b and temporal/nasal in Figure 4c ) demonstrates consistent topographic organization throughout the retinogeniculate pathway.
Ventral RGC axons traverse the ventrolateral aspect of the optic nerve , Mann Whitney U test), but not at the 500 lm radius (dark and light magenta lines, respectively, Figure 6d , respectively, p 5 .11, Mann Whitney U test). The lack of difference for DT neurites with and without chiasm cells at the 500 lm radius could indicate that the addition of chiasm cells has less of an effect on DT neurites compared to VT neurites, which formed thicker bundles at both radii in the chiasm co-culture condition. In sum, VT (ipsilateral) neurites have an intrinsic preference to fasciculate into larger bundles than DT (contralateral) neurites, and extrinsic cues from dissociated chiasm cells lead to increased self-fasciculation in both populations, though perhaps more so in VT explants.
Theoretically, the presence of more neurites could increase the likelihood of fasciculation in culture. Therefore, we performed a series of additional analyses to assess first, whether VT and DT explants have comparable neurite outgrowth in these culture conditions, and second, if neurite outgrowth affects neurite fasciculation. To address the first issue, we examined both explant size and total neurite outgrowth of VT and DT explants. Explant size was kept consistent in the experiment, with samples deviating from an explant body radius of 150 lm by 6 50 lm excluded from analysis. There were no differences in explant radius between VT and DT explants, nor between growth condition (i.e., with or without chiasm cells, dark and light boxes, respectively, Figure 6e ; whiskers indicate minimum and maximum values).
However, even while holding explant size consistent, there may be differences in neurite outgrowth between VT and DT explants. In order to assess the total amount of neurite outgrowth, widths of neurite bun- Because VT explants grown on laminin have greater neurite outgrowth (i.e., summed bundle widths) than DT explants, we examined whether the greater self-fasciculation found in VT explants might be simply a result of increased neurite number. Therefore, a subset of VT and DT explants that were matched for total neurite outgrowth was re-analyzed to determine if increased VT neurite fasciculation is a distinct phenomenon from increased VT neurite outgrowth. Five VT explants and six DT explants (from three experiments) with total neurite outgrowth restricted to 90-150 lm (around the 250 lm radius ring) were analyzed-there was no statistical difference in neurite outgrowth between VT and DT explants within this subset, so we therefore considered them equivalent in total neurite outgrowth. All of the differences in neurite fasciculation identified in the full data set were still present, although slightly smaller in magnitude, with VT neurites forming thicker bundles than DT neurites at both radii (Figure 6g form thicker bundles than those grown on laminin only (dark and light magenta lines, respectively, ***p 5 6.76 3 10 221 , Mann Whitney U test). VT neurites grown on chiasm cells form thicker bundles than those grown on laminin only (dark and light green lines, respectively, ***p 5 7.24 3 10 218 , Mann Whitney U test). (d) Around the 500 lm ring, the differences between VT and DT neurites are maintained in both laminin only (***p 5 1.29 3 10 242 , Mann Whitney U test) and laminin 1 chiasm cell (***p 5 4.46 3 10 28 , Mann Whitney U test) growth conditions. VT neurites grown with chiasm cells formed thicker bundles at the 500 lm ring than those grown only on laminin (*p 5 .029, Mann Whitney U test). However, the difference between bundle widths of DT neurites cultured alone versus chiasm co-culture failed to reach statistical significance (p 5 .11, Mann Whitney U test). n 5 17 explants from four experiments (DT), 18 explants from four experiments (VT), 16 explants from three experiments (DT 1 OC and VT 1 OC). (e) Explant size, indicated by radius of the explant body, was consistent across explant type and growth condition (p 5 .15, VT vs DT; p 5 .50, VT 1 OC vs DT 1 OC; p 5 .09, VT vs VT 1 OC; p 5 .29, DT vs DT 1 OC; One-Way ANOVA, Holm-Sidak's multiple comparison test). (f) Neurite outgrowth, measured as the sum of all bundle widths along the 250 lm ring, varied across explant type and growth condition. VT explants had greater neurite outgrowth than DT explants when grown on laminin (**p 5 .0073, One-Way ANOVA), but not in the chiasm co-culture condition (p 5 .4, One-Way ANOVA). Both explant types had stunted outgrowth in the chiasm co-culture condition (***p < .0001, VT vs VT 1 OC; **p 5 .002, DT vs DT 1 OC, One-Way ANOVA, HolmSidak's multiple comparison test). (g) CFD of a subset of VT and DT explants grown on laminin alone, which are matched for total neurite outgrowth. VT (n 5 5 explants from three experiments) and DT (n 5 6 explants from three experiments) explants that had total neurite outgrowth (measured along the 250 lm ring) between 90 and 150 lm were chosen from the full data set. Within this subset of explants, VT neurites still formed thicker bundles around both the 250 lm and 500 lm rings (light and dark green, respectively) than DT neurites, when grown on laminin alone (**p 5 .0017, 250 lm ring; ***p 5 1.64 3 10 214 , 500 lm ring; Mann Whitney U test). Both explant types form thicker bundles at the 500 lm ring compared to the 250 lm ring (***p 5 4.55 3 10 216 , VT neurites; ***p 5 1.86 3 10 27 , DT neurites; Mann Whitney U test). Box and whisker plots show medians with whiskers extending to the minimum and maximum. CFD plots terminate at 3 lm along the x-axis for clarity, although data extend to 41 lm. Scale bar: 500 lm. , and SERT;EphB1 2/2 animals at P0 (Figure 7f,g ). There was no statistically significant difference in zsGreen1 cell counts between genotypes (mean 6 SEM: SERT; EphB1 1/1 5 2703 6 315.4, n 5 7; SERT;EphB1 1/2 5 1896 6 403,
n 5 4; SERT;EphB1 2/2 5 2404 6 203.7, n 5 6; p 5 .24, One-Way ANOVA). Therefore, we concluded that the SERT1 population of RGCs in the EphB1 2/2 mutant indeed contains both the remaining ipsilateral RGCs and those that aberrantly send their axons contralaterally at the optic chiasm.
We next examined the arrangement of zsGreen1 axons (green brackets) in the optic tracts (labeled with NF, magenta brackets) of SERT;EphB1 1/1 and SERT;EphB1 2/2 animals at P0 (Figure 7h ). If aberrantly crossed axons associate with normal contralateral axons (as in Figure 7e 1 ), then the zsGreen1 region of the tract would expand medially, with true ipsilateral axons in the lateral tract and aberrantly crossed axons straying into the medial tract with contralateral axons. If, on the other hand, aberrantly crossed axons retain an association with the remaining ipsilateral axons (as in Figure 7e 2 ), then we would expect no difference in the span of zsGreen1 axons in the tract, with both true ipsilateral and aberrantly crossed axons positioned in the lateral aspect of the optic tract. Consistent with the latter hypothesis, there were no differences in the total tract width (Figure 7i ; p 5 .91, OneWay ANOVA), or in the percentage of the tract occupied by zsGreen1 axons (Figure 7j ; p 5 .67, One-Way ANOVA). These findings indicate that despite incorrectly decussating, aberrantly crossed VT RGC axons retain an association with axons of the same cohort, that is, ipsilateral
RGCs, but on the wrong side of the brain.
To address whether loss of EphB1 affects ipsilateral selffasciculation, we examined neurite bundle widths in vitro from EphB1 2/2 DT and EphB1 2/2 VT explants grown for 24 hr on laminin ( Figure 7k ). As with wild-type explants, explant size was kept consistent, with no difference between EphB1 2/2 VT and EphB1 2/2 DT explant body radius (Figure 7l , p 5 .99, One-Way ANOVA). Again, however, there was a significant difference in neurite outgrowth measured by summing bundle widths around the 250 lm ring, with EphB1 2/2 VT explants extending more neurites than EphB1 2/2 DT explants ( Figure   7m ; mean 6 SEM: VT5 201.4 lm 6 15.1, n 5 16; DT 5 160.5 lm 6
8.4, n 5 19; p 5 .037, One-Way ANOVA). Therefore, in addition to analyzing the full set of EphB1 2/2 VT and EphB1 2/2 DT explants (Figure 7n) , we also assessed a subset of explants (n 5 7 explants, fibers: SERT;EphB1 1/1 5 64% 6 2.0; SERT;EphB1 1/2 5 65% 6 1.4; SERT;EphB1 2/2 5 62.4% 6 1.8; p 5 .67, One-Way ANOVA. n 5 7 SERT; EphB1 1/1 mice, 4 SERT;EphB1 1/2 mice, 5 SERT;EphB1 2/2 mice, from 4 litters. (k) Representative DT and VT explants from E14.5 EphB1 2/2 retinae grown for 24 hr on laminin and immunostained for NF. Explants were analyzed in the same fashion as before (see Figure   6a ). (l) There was no difference in explant size between EphB1 2/2 VT and DT explants, measured as radius of the explant body (mean 6 SEM: VT 5 153.4 lm 6 4.6; DT 5 152.8 lm 6 3.8; p 5 .99, One-Way ANOVA). (m) EphB1 2/2 VT explants extended more neurites than EphB1 2/2 DT explants, measured as the sum of bundle widths around the 250 lm ring (mean 6 SEM: VT 5 201.4 lm 6 15.1; DT 5 160.5 lm 6 8.4; *p 5 .037, One-Way ANOVA). (n) Cumulative frequency distribution (CFD) of EphB1 2/2 VT and EphB1 2/2 DT neurite bundle widths intersecting rings placed 250 lm (light green and light magenta, respectively) and 500 lm (dark green and dark magenta, respectively) away from the perimeter of the explant body. At both distances from the explant body, EphB1 2/2 VT neurites form thicker bundles than EphB1 2/2 DT neurites (***p 5 1.20 3 10 27 , 250 lm ring; ***p 5 2.74 3 10 214 , 500 lm ring; Mann Whitney U test). There are small but statistically significant differences between neurite bundle widths along the 250 lm and 500 lm rings for both explant types (***p 5 1.44 3 10 26 , EphB1 2/2 VT; **p 5 .0043, EphB1 2/2 DT; Mann Whitney U test). n 5 19 (DT) and 16 (VT) explants from three experiments. (o) CFD of a subset of EphB1 2/2 VT and EphB1 2/2 DT explants grown on laminin, matched for total neurite outgrowth. EphB1
VT (n 5 7 explants from three experiments) and EphB1 2/2 DT (n 5 11 explants from three experiments) explants that had total neurite outgrowth (measured along the 250 lm ring) between 120 and 200 lm were chosen from the full data set. Within this outgrowth-matched subset of explants, EphB1 2/2 VT neurites form thicker bundles than EphB1 2/2 DT neurites (***p 5 2.60 3 10 24 , 250 lm ring; ***p 5 6.25 3 10 28 , 500 lm ring; Mann Whitney U test). Small but statistically significant differences exist between neurite bundle widths along the 250 lm and 500 lm rings for both explant types in the outgrowth-matched subset of explants (***p 5 1.08 3 10 24 , EphB1 2/2 VT; **p 5 .0012, EphB1 2/2 DT; Mann Whitney U test). Scale bars: 100 lm (c, d, g), 500 lm (f, h). Box and whisker plots show medians with whiskers extending to the minimum and maximum. CFD plots terminate at 3 lm along the x-axis for clarity, although data extend to 41 lm. D 5 dorsal; V 5 ventral; N 5 nasal; T 5 temporal; M 5 medial; L 5 lateral; R 5 rostral; C 5 caudal; dLGN 5 dorsal lateral geniculate nucleus; VT 5 ventrotemporal retina; DT 5 dorsotemporal retina; NF 5 neurofilament EphB1 2/2 VT; n 5 11 explants, EphB1 2/2 DT; from three experiments) 
| D I SCUSSION
There is a growing appreciation that axons are organized by topographic, typographic, and/or chronotopic principles in tracts leading to their targets (e.g., Kashima, Rubel, & Seidl, 2013; Miller et al., 2010) and that pre-target axon organization may be a crucial step in circuit formation (Imai et al., 2009; Zhou et al., 2013) . However, particularly in the visual system, the extent of and mechanisms contributing to pretarget axon organization remain unclear. Here we provided the first direct comparison of two modes of pre-target axon organization in the retinogeniculate pathway, showing that RGC axons are organized by both laterality (a form of typography) and topography in the mouse optic nerve and tract, and that the eye-specific (typographic) map is shifted slightly laterally to the topographic map in the tract. Such detailed analyses, which incorporate multiple modes of axon order, are essential for investigating mechanisms of pre-target axon organization and determining if tract order is necessary for appropriate targeting.
We probed selective fasciculation and coherence of axon cohorts as mechanisms of pre-target axon organization. Ipsilateral neurites fasciculate more than contralateral neurites in vitro, suggesting that selective fasciculation may be one mechanism contributing to segregation of ipsilateral and contralateral RGC axons in the optic nerve and tract.
Ipsilateral (VT) neurites also grow more exuberantly than contralateral (DT) neurites in vitro, but this is a distinct, if not independent, behavior from their enhanced fasciculation. Further, in the EphB1 2/2 mutant optic tract, aberrantly crossed axons associate with ipsilateral axons, with which they target in the dLGN (Rebsam et al., 2009 ). This finding suggests that cohort-specific axon association along the pathway may be related to targeting.
| Multiple modes of RGC axon organization in the mouse retinogeniculate pathway
In agreement with previous reports (Godement et al., 1984) , Genetic labeling of ipsilateral RGCs shows that ipsilateral axons are pre-sorted in the optic nerve prior to navigating the optic chiasm. Thus, while ipsilateral and contralateral cohorts of RGC axons intermingle in and around the chiasm, there is clear organization and segregation between the two populations in the proximal optic nerve and throughout the optic tract. As is the case with topographic order of RGC axons (Chan & Guillery, 1994) , ipsilateral RGC axons become progressively less well sorted in the optic nerve as they near the chiasm, and reestablish their order after entering the tract, suggestive of active organizational mechanisms at play in the optic tract.
RGC axons are also arranged topographically in the optic nerve and tract, with the dorsoventral axis of the retina mapped to the medial-lateral axis in the tract, and the nasal-temporal axis mapped to the rostrocaudal axis of the tract (summarized in Figure 5d ). Previous studies reported little organization between nasal and temporal RGC axons in the optic tract (Chan & Guillery, 1994; Plas et al., 2005; Reese & Baker, 1993 respectively (Chan & Chung, 1999; Chan & Guillery, 1994; Plas et al., 2005; Reese & Baker, 1993; Reh et al., 1983; Torrealba et al., 1982) .
We expand upon these earlier reports by also identifying a slight rostrocaudal segregation between ventral and dorsal axons in the tract and showing that the two cohorts overlap in the optic chiasm as they switch orientation from the nerve into the tract.
In the first direct comparison of two distinct modes of axon organization in a developing axon tract, we found that the eye-specific map is largely in register with the topographic map in the optic tract, although ipsilateral RGC axons are situated laterally relative to the contralateral topographic map. This hints at a possible hierarchy among different organizational modes. Given that binocular vision is a later evolutionary development (Petros, Rebsam, & Mason, 2008) , it is conceivable that eye-specific organization between ipsilateral and contralateral axons was superimposed onto the existing topographic order, which would explain the slight shift laterally of ipsilateral axons relative to the topographic map. This would, in an evolutionary sense, align with the principal of chronotopic order, in which younger axons are added to the lateral edge of the optic tract, with older axons pushed medially. However, in the strict sense of chronotopy (as opposed to an evolutionaryage-based order), eye-specific axon organization may be at odds with chronotopic organization in the optic tract. Age-related order of RGC axons has been described (Walsh & Guillery, 1985) , but because lateborn contralateral axons from VT retina are situated more medially than ipsilateral axons, chronotopic order may be subordinate to eyespecific organization, and potentially also to topographic order. Given the diversity of RGC subtypes, RGC axons may also be typographically organized based on functional and transcriptional identity. Genetic dissection of RGC subtypes (e.g., Martersteck et al., 2017) will allow further exploration of typographic organization of axons in the visual system and identification of any correspondence between pre-target axon organization and targeting.
| Selective fasciculation of ipsilateral RGC axons
Ipsilateral axon self-association decreases in the proximal optic nerve near the chiasm but is reestablished and maintained in the optic tract (Figure 1c-e) . Progressive unraveling of ipsilateral axons nearing the chiasm was described previously, based on retrograde labeling from the optic tract (Colello & Guillery, 1990) . Given this apparent dynamic fasciculation of ipsilateral axons in static images from SERT-Cre::zsGreen brains, we tested whether ipsilateral and contralateral axons have different fasciculation behaviors. Neurites from VT retinal explants (predominantly ipsilateral RGCs) self-fasciculate more than neurites from DT explants (contralateral RGCs). While small in magnitude, this intrinsic difference in self-fasciculation may contribute to establishment and maintenance of eye-specific axon segregation in the optic tract.
However, we also found that VT explants extend more neurites than DT explants, even when controlling for explant size. Analysis of outgrowth-matched VT and DT explants showed that the increase in VT neurite self-fasciculation is not simply a byproduct of increased neurite outgrowth in VT explants, though the two are likely related.
While neurite outgrowth could affect the extent of fasciculation, fasciculation fosters increased axon extension rates (Bak & Fraser, 2003; Bruce, Brown, Smith, Fuerst, & Erskine, 2017 Wang, Marcucci, Cerullo, & Mason, 2016) , which could contribute to enhanced VT neurite outgrowth in vitro.
Extrinsic cues from the optic chiasm encourage greater fasciculation of both VT and DT neurites in vitro, but the intrinsic difference in fasciculation behavior is maintained. In vivo, there are likely additional cues within and along the optic tract, as yet unidentified, which also contribute to the organization of ipsilateral and contralateral axons.
The in vitro assay of self-fasciculation presented here can be used in the future to assess putative fasciculation molecules that are differentially expressed between ipsilateral and contralateral RGCs, such as Semaphorins (Q. Wang et al., 2016) , which are important players in pre-target axon organization in the corpus callosum and olfactory nerve (Imai et al., 2009; Zhou et al., 2013) .
In the in vitro bundle width assay, the larger fascicles along the 500 lm radius compared to the 250 lm radius suggest that the longer neurites extend near each other, the more they are disposed to fasciculate with one another. Alternatively, neurites are less densely packed the farther they extend from the explant, so the increased fasciculation at 500 lm may instead reflect the preference to grow along other neurites rather than substrate. Live imaging experiments could reveal more details regarding selective fasciculation dynamics, and the extent to which fasciculation occurs only at the growth cone or also along axon shafts (Smit, Fouquet, Pincet, Zapotocky, & Trembleau, 2017) . Future studies using live imaging will reveal more details of differential fasciculation dynamics between ipsilateral and contralateral RGC axons.
Indeed, live imaging and other variations on our in vitro assay could elucidate additional important details of retinal axon behavior, and, in particular, could provide more insight into how axons use fasciculation to segregate from one another. For instance, one shortcoming of the assay as presented here is that by only comparing VT and DT explants, we cannot rule out the possibility that the differences in neurite bundle width between the two explant types is due to topographic differences, rather than ipsilateral contralateral identity. Previous comparisons of retinal quadrants found little to no difference in neurite outgrowth and behavior between DT, dorsonasal (DN), and ventronasal (VN) neurites in vitro (Erskine et al., 2000; L.-C. Wang et al., 1995; L.-C. Wang, Rachel, Marcus, & Mason, 1996) , but it would be informative nonetheless to ascertain more conclusively whether topographic origin affects neurite self-fasciculation behavior. Even more compelling would be an in vitro assay that provided neurites from different retinal regions choices of fasciculation partners from like and unlike neurites. Such an assay could theoretically be used to determine whether topographic identity or ipsilateral/contralateral identity is a stronger force in driving the choice of fasciculation partners, and time-lapse imaging in such a paradigm could unveil novel and important dynamics of developing retinal axon behavior.
| Maintaining axon cohort coherence along the pathway
To further probe ipsilateral axon self-association as a mechanism of eye-specific axon organization in the tract, and relate it to targeting, we examined RGC axon organization and fasciculation in the EphB1 2/2 mutant. Given the dearth of knowledge of molecular profiles of RGC axons as they navigate the optic tract and the molecular environment within the tract, the EphB1 2/2 mutant provided a tractable way to relate tract organization, specifically ipsilateral axon self-association, and targeting in vivo. In the EphB1 2/2 mutant, a subset of ipsilateral RGC axons aberrantly crosses the midline and projects to the contralateral hemisphere, but targets the ipsilateral zone in the opposite dLGN (Rebsam et al., 2009; Williams et al., 2003) . Loss of EphB1 did not perturb the position of remaining ipsilateral RGC axons in the tract, but these axons appeared slightly de-fasciculated. In vitro, however, VT EphB1 2/2 neurites still formed thicker fascicles than DT EphB1 2/2 neurites, demonstrating that EphB1 is not necessary for ipsilateral RGC axon fasciculation.
A qualitative comparison of the differences in self-fasciculation between VT and DT neurites from wild-type (Figure 6c,d,g ) and axon order in the optic tract on targeting in the dLGN will need spatiotemporal precision in manipulations of RGC axons. That is, it will be key to selectively affect axons within the optic tract, and not those prior to the chiasm, so as to differentiate between effects on decussation versus effects on axon organization in the tract. The continuous wave of RGC axon outgrowth from the retina during late embryogenesis makes this particularly challenging, as does the fact that many guidance cues act at multiple points along the pathway.
Distinguishing between the effects of aberrant midline choice versus aberrant tract order on targeting is necessary, because each developmental step of the pathway may prime axons for successful navigation of the subsequent step. Evidence from the auditory system indicates that correct midline choice primes axons for appropriate synapse maturation in their target (Michalski et al., 2013) , and in the thalamocortical system, correct axon organization in the tract through an intermediate target is necessary for distinct topographic mapping of thalamic axons into the cortex (Dufour et al., 2003; Garel, Yun, Grosschedl, & Rubenstein, 2002; Seibt et al., 2003) . Thus, it is possible that appropriate organization of axons in the optic tract is a prerequisite for correct early targeting choices. Expanding our understanding of selective fasciculation and axon-axon interactions along the full extent of a circuit will be crucial to understanding how neural circuits are built during development.
